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Abstract
This study was designed to test simple reactive transport models for CO2 storage in the aquifers and cap-rocks of Upper
Silesian Coal Basin (Poland). The following scenarios were considered: 2D model and 1D radial-symmetric
models of CO2 storage as well as a 1D model of  the aquifer-cap-rock interface. The proposed models can be quickly developed,
may be easily modified due to their simplicity, and allow for a fast change of the basic assumptions. Hence, they might be useful
for the initial assessment, preceding a more advanced study of CO2 storage conditions.
© 2016 The Authors. Published by Elsevier Ltd.
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1. Introduction
Geologic sequestration of carbon dioxide is widely considered as a solution of significant economic and
ecological implications. Apart from the saline aquifers within Mesozoic anticlinal structures of Central Poland [1],
also the aquifers of Tertiary and of Carboniferous productive formation of the Upper Silesian Coal Basin (USCB), at
the borderland of Poland and Czech Republic, were studied as perspective localities for CO2 storage in Poland [2].
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Simple hydrogeochemical models may serve in preliminary assessment of CO2 impact on the aquifer and cap-rocks.
This study was designed to test simple models of the behavior of the USCB rocks - Carboniferous and the DĊbowiec
Formation (Miocene) aquifers and their cap-rocks, at conditions of CO2 storage. The reactive transport models are
considering supercritical CO2 to be present in these processes.
2. Methods
In order to create models of reaction and transport for CO2 injection and storage, the Petrasim software was used
with the TOUGHREACT simulator  and the ECO2N module [3-5]. Analyses of reaction and transport of
substances during the CO2 injection and storage period were carried out in three scenarios: two-
dimensional  models and  one-dimensional radial-symmetric models of CO2 storage, and an one-dimensional model
of the aquifer-cap-rock interface (Fig. 1). Modeling was performed in two stages: the first one simulated the
immediate changes in the aquifer and cap-rocks impacted by CO2 injection (100 days in case of the reaction model
and 30 years in the transport and reaction model). The simulation period of 100 days was derived from the time of a
laboratory experiment (lasting 75 to 100 days), because the calibration of the numerical models (including
precipitation of secondary minerals, and correction of kinetics parameters), describing the initial stage of
injection, was based on experimental results. The 30-year period was treated as a potential lifecycle of a single CO2
storage operation. The second stage of modeling enabled the assessment of long-term effects of CO2 storage
(20,000 years). Reactions’ quality and progress were monitored, and their effects on formation porosity and storage
capacity in form of mineral, residual and free-phase CO2 calculated.
The chemical reaction model and that for vertical and lateral migration of CO2 based on the two-dimensional
scheme. Carbon dioxide injection zone is situated in the bottom part of the aquifer, at a depth of 800 to 850 m below
the ground surface. The modeled zone extends to 10,000 m from the well and is composed of ten layers. Each of
these layers is 10 m thick, and consists of 40 linearly arranged cells with a length from 173.7 m, which increases in
geometric series, with a common ratio r = 1.10963. The final, 41st cell has a length of 90,000 m and represents an
infinite layer.
In order to simulate the lateral migration of CO2 and the changes taking place in the vicinity of the injection well
in the aquifer, we used the one-dimensional radial-symmetric scheme. Carbon dioxide is injected into the aquifer,
through a zone located at a depth of 750 to 850 m below the ground surface. Here, the modeled zone extends to
10,000 m from the well, and is composed of 40 linearly arranged cells, with a length from 173.7 m, which increases
in geometric series, with a common ratio r = 1.10963, which is similar to the abovementioned, 2D model.
In the one-dimensional  model used to assess vertical migration of CO2 across the aquifer-cap-rock interface,
the carbon dioxide is injected into the aquifer is in the depth range of 750 to 850 m below the ground surface, from
where it can migrate into the cap-rock, with a thickness of 100 m. The model represents only the interface between
the aquifer and cap-rock, which consists of 21 linearly arranged cells. The first cell corresponds to the top part of the
aquifer, with a thickness of 10 m, in which perfect mixing of gas and pore water occurred. The next 20 cells, each of
0.5 m in thickness, simulate to the cap-rock layer.
Figure 1:A - Two-dimensional model of CO2 storage; B - One-dimensional radial-symmetric model of CO2 storage; C - One-dimensional model
of aquifer-cap-rock interface at CO2 storage conditions.
Y
X
CO2
Aquifer
CO2
Z
X
50
m
10
0m
Aquifer
In
jec
tio
n 
zo
ne
CO2
X
10
m
Aquifer
10
m
Cap-rock
A B C
 Katarzyna Suchodolska and Krzysztof Labus /  Energy Procedia  97 ( 2016 )  509 – 514 511
3. Input data
Composition of mineral assemblages was determined by means of microscopy. Petrographic, planimetric analysis
of thin sections was conducted using an Axioscope Zeiss Microscope. SEM analyses were performed by the use of a
JSM 630 microscope, equipped with EDS Oxford (20 kV). Additional XRD analysis was performed on a HZG-4 X-
ray diffractometer.
For determining the porosimetric properties of the examined rocks, Mercury Intrusion Porosimetry (Autopore
9220 Micromeritics Injection Porosimeter) was applied. Specific surface areas (SSA) were calculated assuming
spherical grains of different diameters for sandstones and fine-grained rocks.
Modeling was performed assuming hydrostatic formation pressure. Temperature values were estimated  based on
direct measurements and available data [6]. Rate parameters of the water-mineral interaction kinetics (constants for
modeled reactions) were taken from literature [7]. Relative permeability of the rock matrix and capillary
pressure were calculated on the basis of the van Genuchten model [8] for the liquid phase, and the
Corey model [9] for the gas phase.
Chemical fluid composition for the kinetic transport models based on the water-rock equilibrium calculations was
determined by means of Geochemist's Workbench 8 [10]. The pore fluids of Cl-Na type considered,
were characterized by a mineralization between 34.3 and 128.1 g/dm3 and  a pH of 6.18 to 7.37.
4. Results
Two-dimensional model
Processes of gas and pore fluid migration within the analyzed  aquifers were characterized based on the two-
dimensional model. This mechanism is controlled by density contrasts between supercritical CO2, the
initial brine and the brine with dissolved CO2 ,varying with time.The first stage of modeling represents the gas
injection period at the rate of 50 kgCO2/s for 30 years.  One year after the beginning of injection, supercritical CO2
phase, with a lower density below that of the pore water, moves upwards and reaches the cap-rock. The zone of the
highest saturation with supercritical CO2 extends laterally to a distance of more than 1,200 m from the well, and its
radius is the largest at the aquifer-cap-rock interface. After 100 years, virtually all supercritical CO2 has migrated to
the top of the aquifer formation, being dissolved in the pore water along this way (Fig.2). The density of pore water
increases due to this phenomenon and it begins to migrate downwards. The density contrast here is lower than that
between the supercritical CO2 and the primary pore fluids. Therefore, the downward migration of water with
dissolved CO2 is slower than the upward-movement of supercritical CO2. Mixing processes, based on these
phenomena, may intensify the dissolution of CO2. In the first decades of storage, the mineral trapping capacity is
negative, due to dissolution of carbonate minerals (Fig.3). Mineral trapping starts at approximately 500 years after
the completion of the injection.
One-dimensional radial model
The first stage of modeling, lasting for 30 years represents the gas injection period at the rate of 10 kgCO2/s. The
zone of changes in pressure, pH, petrographic composition and texture of rock extends to about 1,800 m from the
well. For the mineralization of CO2, the precipitation of dawsonite is the driving mechanism for 100 years from the
beginning of injection. It takes place within a range of 3,000 m from the well and reaches from 210 mol/m3 in close
proximity to the well to about 225 mol/m3 at a distance of 1,000 to 2,000 m after 20,000 years. These values
correspond to mineralization of 9.24 kgCO2/m3 to 9.9 kgCO2/m3, respectively (Fig. 4). This should be underlined
here, that recently doubts were expressed, about dawsonite being able to trap CO2 permanently [11].  Coupled
modeling and experimental study by Hellevang et al. [12] suggested that dawsonite becomes unstable as reservoir
pressure decreases after injection. In our model however, within the entire period of storage,  the high CO2
fugacities over 100 bar allow us to include dawsonite as a sink for carbon dioxide.
One-dimensional model of aquifer–cap-rock interface
When modeling the impact of CO2 storage on the aquifer-cap-rock interface, we noted that a decrease
in porosity, resulting from a positive balance of  the secondary mineral volume, was visible mainly in the aquifer
rocks. Porosity remained almost constant in the cap-rocks to the advantage of the sealing capacity. We also
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observed that mineralogical changes  at the interface zone  differ from those which occur in  central parts of the
aquifer and cap-rocks. This can be explained  by the increased gas saturation in the aquifer top and at the base of
cap-rock. As the result, a portion of pore water was driven outward that zone.  Due to these mechanisms, dissolution
of carbonates might temporarily occur at the base of cap-rock (Fig. 5), while in a some distance from the interface
certain amounts of CO2 were trapped in mineral form [13]. Xu et al. [14] reported however, that the most intense
geochemical evolution took place in the first 4 meters of the cap-rock, but mineralogical changes (including siderite
formation) reached the boundary of the model, i.e. 10 m from the aquifer-cap-rock interface. The mineral trapping
capacity of the cap-rock leveled at approximately 10 kg/m3, while it reached almost 80 kg/m3in the aquifer. All this
means that despite the differences between our and the cited results [14], the cap-rock should be taken into account
when calculating the CO2 trapping capacity, because it may contribute at least a few percent to the entire mineral
trapping capacities.
A B
C D
Figure 2. Gas saturation  in the two-dimensional model after A – 1 year, B – 30 years, C – 100 years and
F – 20,000 years.
A B
Figure 3. Amount of  CO2 trapped in mineral phases (kg/m3 rock) in the two-dimensional model after A – 30 years, B – 100 years.
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Fig. 4. Amount of  CO2 trapped in mineral phases (kg/m3) plotted against the distance from the injection well after 20,000 years (one-
dimensional radial-symmetric model).
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Fig. 5. Amount of CO2 trapped in mineral phases (kg/m3 rock) in vertical distance from injection point after A – 1 year and B – 20,000 years
(black vertical line at 110 m indicates the interface between the aquifer (left hand side) and cap-rock (right hand side).
The simplified models described, may be applicable in assessment of carbon dioxide trapped by dissolution and in
mineral phases, and also evaluation of petrostructural consequences of CO2 injection into saline aquifers. This
allows estimation of suitability of given formations for CO2 storage.
5. Conclusions
Our study demonstrated that the cap-rock is important with the regard not only to the storage integrity but also to
CO2 trapping or its release in the geological time-frame. Modeling allowed to evaluate the pore space saturation
with gas as well as the changes in the chemical composition and pH of pore water. It was also helpful in the
identification of relationships between precipitation or dissolution of minerals, and of porosity formations
considered.
We assessed the temporal and spatial extent of precipitation processes and the amount of CO2 trapped in
carbonate minerals. The calculated storage capacity of the analyzed formations reached 7 kg/m3 for the dissolved,
10 kg/m3 for mineral phases, and 70 kg/m3 for the supercritical phase.
The presented models differ in the degree of complexity, accuracy and suitability for particular purposes
associated with the assessment of CO2storage projects. The two-dimensional model, as the most advanced one,
requires the most input data. It takes account of fluid mixing phenomena within the aquifer (i.e. fingering) and is
most useful for estimates on the scale of the entire storage formation.
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The one-dimensional model is the simplest and allows for quick modifications, and consequently a large variety
of calculations. It requires a relatively small set of input data, and focuses rather on geochemical phenomena not
including the fingering effect. The aquifer-cap-rock interface model provides insights into the nature of phenomena
at the interface of two different rocks. Its results are relevant for assessing the barrier properties of cap-rocks and the
evaluation of storage safety.
The proposed models are suitable for a relatively quick development, may be easily modified due to their
simplicity, and allow for quick variations of the basic assumptions. Hence, they may be a useful tool for the initial
diagnosis, preceding more advanced studies of site-specific CO2 storage.
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